The oxygen evolution and reduction properties of La 0.8 Sr 0.2 CoO 3 are characterized using two-dimensional model electrodes with different reaction planes, synthesized on SrTiO 3 single crystal substrates by pulsed laser deposition. Thin-film X-ray diffraction and reflectivity measurements confirm the epitaxial growth of 29-nm-thick La 0.8 Sr 0.2 CoO 3 (001), (110), and (111) films on SrTiO 3 (001), (110), and (111) substrates, respectively. Cyclic voltammetry curves in 1-M KOH aqueous solution indicate that the (110) film has the highest activity for oxygen evolution and reduction reactions. An expansion of the La 0.8 Sr 0.2 CoO 3 lattice is observed after the oxygen reduction process, indicating the formation of oxygen defects, with the highest number of defects being produced in the (110) film. X-ray reflectivity analysis demonstrates the formation of a surface layer on the La 0.8 Sr 0.2 CoO 3 films during electrochemical cycling due to the decomposition of La 0.8 Sr 0.2 CoO 3 . The surface structure constructed at the electrode/electrolyte interface is a crucial factor influencing oxygen evolution and reduction activity of La 0.8 Sr 0.2 CoO 3 .
Introduction
Rechargeable metal-air batteries have been attracting considerable attention as next-generation energy devices capable of delivering remarkably high energy densities.
14 Perovskite type metal oxides are promising materials for use as air electrodes in such batteries because of their high activity for both oxygen evolution and reduction reactions in alkaline aqueous solutions. 57 However, actual cell potentials are generally much lower than the theoretical values due to overpotentials derived from both anode and cathode polarization. Also, reversible capacities rapidly decrease as a result of electrode decomposition in strongly alkaline solutions. Therefore, there is a need to improve both the power characteristics and stability of air electrodes before they can be used in practical applications.
Oxygen evolution and reduction reactions occur through terminated oxygen atoms at the electrode surfaces. The electrochemical activity of oxygen electrodes is affected by the bonding conditions between surface oxygen atoms and neighboring cations. 1, 811 There have been many reports that the bonding conditions change with parameters such as the lattice plane that is in contact with the electrolyte, 12, 13 the metal species involved, 6, 1416 and the presence of lattice distortion and oxygen vacancies. 7, 13 Recently, we have identified a change in the crystal structure at intercalation electrode surfaces during the initial stages of the electrochemical reaction process. 1719 It was found that a drastic change in the surface structure occurs at soaked in the electrolyte and the surface structure is reconstructed in the initial stages of the reaction. However, most investigations have so far focused on the crystal structure of bulk materials before the initiation of electrochemical reactions, and little is known concerning the surface structure of oxygen electrodes in alkaline aqueous solutions.
Epitaxial-film electrodes offer advantages for mechanistic studies of oxygen evolution and reduction reactions because the twodimensional nature of the surface restricts their reaction fields, which makes it possible to directly study the surface orientation dependence of the reactions. Moreover, flat electrodes allow the detection of structural changes that occur exclusively on the surface, where electrochemical reactions are initiated.
In the present study, the oxygen evolution and reduction processes for La 0.8 Sr 0.2 CoO 3 (LSC) in alkaline aqueous solutions were investigated using epitaxial-film electrodes with different surface orientations. The epitaxial LSC films were grown with orientations of (001), (110) and (111), and had a fixed lattice distortion and composition. The films showed different electrochemical activity for oxygen evolution and reduction reactions. Changes in the surface structure during electrochemical cycling were investigated using ex situ X-ray diffraction (XRD) and reflectivity (XRR). It is thought that the oxygen defects formed in the LSC and the presence of a surface layer have a significant influence on the reaction kinetics of the LSC surface.
Experimental
The LSC thin films were synthesized using a pulsed laser deposition method.
12 La 2 O 3 , SrCO 3 , and Co 3 O 4 were used as starting materials. These materials were weighed, mixed, pelletized, and calcined at 1000°C for 12 h. The pellets were crushed and pressed into disks with diameters of 20 mm using a cold isostatic press at a pressure of 20 MPa. The pellets were then sintered at 1300°C for 24 h for use as targets. Single crystals of SrTiO 3 (STO) with dimensions of 10 © 10 © 0.5 mm and orientations of (100), (110), and (111) were used as substrates. The LSC films were synthesized using an oxygen pressure of 3.3 Pa, a target-substrate distance of 75 mm, a laser frequency of 10 Hz, a deposition time of 1 h, a laser energy of 100 mJ/pulse, and a deposition temperature of 700°C. Thin-film XRD measurements were carried out using an ATX-G diffractometer (Rigaku), with Cu K¡ 1 radiation generated at 50 kV and 300 mA. The films were characterized using both out-ofplane (2ª/½) and in-plane techniques (2ª»/º), which identified the film orientation and the lattice parameters normal and parallel to the substrate plane, respectively. The crystallinity of the films was evaluated using the ½-scan method with a fixed 2ª value corresponding to the out-of-plane diffraction peak. Surface structure models were refined using the Parratt32 data analysis program 20 with reflectivity values calculated using Parratt's method, 21 with the roughness, thickness, and scattering length density of each layer used as parameters.
Electrochemical oxygen evolution and reduction were investigated by cyclic voltammetry. Cells were assembled using Pt counter and quasi-reference electrodes and an LSC thin-film working electrode. The area of the electrodes was 0.64 cm 2 (8 © 8 mm 2 ). A 1 mol dm ¹3 KOH aqueous solution was used as the electrolyte. Cyclic voltammetry measurements were performed using a potentio/galvanostat, CompactStat (IVIUM), at scan rates of 5, 10, and 20 mV s ¹1 between 0.6 and ¹0.6 V. All measurements were performed at room temperature in air. Structural changes in the LSC electrode were investigated using ex-situ XRD and XRR following the electrochemical reaction. The cells were disassembled at 0 V after the fifth cycle of the CV measurements. Figure 1 shows out-of-plane XRD patterns for LSC films synthesized on STO substrates with different orientations. The film on the STO (001) substrate showed diffraction peaks at 23.5, 48.2, and 75.6°, which were indexed as 001, 002, and 003, respectively, based on a pseudo tetragonal lattice, thus indicating a 00l film orientation. The LSC films on the STO (110) and (111) planes exhibited hh0 and hhh diffraction peaks, respectively. Rocking curves for the 002, 110, and 111 diffraction peaks for the LSC (001), (110), and (111) films, respectively, are also shown in Fig. 1 . These peaks are narrow, with full width at half maximum values of 0.06, 0.07, and 0.08°, respectively, indicating a high degree of orientation. Figure 2 shows in-plane XRD patterns for the LSC films. Although no distinct diffraction peaks associated with LSC can be identified, such peaks may overlap those of the STO substrate due to lattice distortion in the LSC film as a result of residual strain. Table 1 summarizes the out-of-plane and in-plane lattice parameters for the LSC films, c T , and a T , calculated based on a pseudo tetragonal lattice. It can be seen that in the film plane, the LSC lattice expanded to match that of the STO substrate, which has a larger lattice parameter (0.3905 nm) than LSC (0.380 nm for polycrystalline LSC with a pseudo cubic lattice). 22 In contrast, the out-of-plane lattice parameters were 0.37729(2), 0.37859(3), and 0.37753(3) nm for the LSC (001), (110), and (111) films, respectively, revealing a lattice contraction in the out-of-plane direction. This tetragonal distortion is consistent with that reported for an epitaxial LaCoO 3 (001) film on SrTiO 3 (001) (c T = 0.3785 nm and a T = 0.3896 nm). 23 Therefore, it can be concluded that the LSC films in the present study were grown epitaxially. Figure 3 shows XRR results for the pristine LSC films. The spectra are plotted as a function of q z = 4³ sin ª/, where is the wavelength of the X-rays (1.541 ¡) and ª is the angle of incidence. A three-layer model composed of the STO substrate, the LSC film, and a surface layer provided the best fit to the reflectivity curves. The resulting thickness and surface roughness values for the LSC films are summarized in Table 1 . The thicknesses were 29.2(6), 29.2(5), and 29.4(6) nm for the LSC (001), (110), and (111) films, respectively. The surface roughness for all of the LSC films was around 1.0 nm. The surface layer was identified as having a lower density (3.5 to 4.0 g cm ¹3 ) than that of the LSC layer (6.9 to 7.1 g cm ¹3 ). It is possible that impurity phases such as SrCO 3 (3.44 g cm ¹3 ) or Sr(OH) 2 (3.84 g cm ¹3 ) are formed on the LSC surfaces due to reactions with moisture and carbon dioxide in the ambient air. Such impurity phases would dissolve into the electrolyte in the electrochemical cell. Since the epitaxial LSC films have a similar thickness, density, and surface roughness, they can be used as model electrodes to elucidate the surface orientation dependence of the oxygen evolution and reduction reactions. Figure 4 shows cyclic voltammograms for the LSC films in a 1 mol dm ¹3 KOH aqueous solution between 0.6 and ¹0.6 V. Oxygen evolution and reduction reactions were observed during anodic and cathodic scans, respectively. Table 2 summarizes the current for oxygen evolution at 0.6 V, I OER , and the peak voltage for oxygen reduction, E ORR . At a scan rate of 5 mV s ¹1 , the I OER and E ORR values were 0.745, 0.909, and 0.775 mA cm ¹2 and ¹357, 11, and ¹27 mV, for the (001), (110), and (111) films, respectively. As the polarizations of the oxygen evolution and reduction reactions become smaller, the I OER and E ORR values should become larger and smaller, respectively. It can be seen from Table 2 that the (110) oriented film exhibited the highest activity, followed by the (111) and (001) films. Similar behavior was observed for CV curves recorded with higher scan rates of 10 and 20 mV s ¹1 . To gain a thorough understanding of reaction activity of the LSC electrodes with different reaction planes, structural changes at the LSC surface were investigated by ex situ XRD and XRR. Figure 5 shows out-of-plane XRD patterns for the LSC films before the electrochemical reaction and after the 5th cycle of oxygen reduction. It can be seen that the 002, 220, and 111 diffraction peaks shifted to lower angle, indicating an expansion of the lattice in the out-ofplane direction. The lattice parameters, c CV , and lattice expansion ratios are summarized in Table 3 . No changes were observed in the in-plane XRD patterns due to the restriction of the lattice change as a result of residual strain at the LSC/substrate interface. Generally, lattice expansion in perovskite oxides is associated with an increase in oxygen deficiency. 24, 25 For example, the lattice parameter of La 2/3 Sr 1/3 CoO 3¹∂ increases from 0.3811 to 0.4016 nm when the fraction of oxygen vacancy ∂ increases from 0 to 0.146. 25 Therefore, the lattice expansion of the LSC films indicates oxygen vacancy formation during the electrochemical process. As the lattice expansion of the LSC films was observed by the out-of-plane XRD measurement, the oxygen vacancies were formed throughout the entire film thickness of 29 nm. The (110) film showed the largest lattice expansion of +1.01%, indicating that a larger number of oxygen defects was generated on the (110) surface.
Results and Discussion
The oxygen vacancy might be produced according to a reaction of oxygen reduction from O 2 to OH ¹ during the cathodic scan: Table 2 . Peak voltage for oxygen reduction, E ORR , and current for oxygen evolution at 0.6 V, I OER , from CV curves of LSC (001) 10, 27 These studies demonstrated that the (110) surface of the perovskite-type oxides is stabilized by a partial removal of oxygen ions. These results are in agreement with the high concentration of oxygen vacancies in the (110) surface of LSC. The oxygen ions diffuse from the bulk region to the surface during the oxygen reduction process, which causes the oxygen vacancy in the 29 nm LSC film. Figure 6 shows ex situ XRR analysis results for the LSC films after the 5th cycle of oxygen reduction. The XRR data were fitted using a three-layer model (surface layer/LSC/STO). Figure 7 shows scattering length density profiles, which provide information on density changes in the film thickness direction. It can be seen that following oxygen reduction, a decrease occurred in the scattering length density for all of the LSC films. This is consistent with the lattice expansion and oxygen vacancy formation in the 29 nm-thick LSC film, as was indicated by the XRD results. The (110) film showed a larger decreased in the scattering length density than the (001) and (111) films, which indicates a larger number of oxygen defects in the (110) film. A surface layer with a lower scattering length density than that of the LSC was formed in the top 2 to 3 nm of the surface region following oxygen reduction. It has been reported that LSC electrodes are mildly unstable in alkaline aqueous solutions. 28 Therefore, the above surface layer may be formed by the decomposition of LSC and subsequent reaction with KOH to produce compounds such as La(OH) 3 and Co(OH) x . The surface layer formed on the (110) film had the smallest scattering length density. No significant differences in the thickness of the surface layer were observed among the LSC films, indicating no dependence of the electrode stability on the surface orientation. Figure 8 summarizes the electrode reactions of the 29 nm-thick LSC films with different orientations of (001), (110), and (111). All films showed oxygen evolution/reduction activity in the alkaline aqueous solution. The crystal structures of the films changed after the oxygen reduction process due to the oxygen vacancy formation. We proposed that the oxygen vacancy formation is accompanied with reduction of Co ions to compensate the charge in the LSC films shown in the Eq. (1). It has been found in several reports that the Co ions in La 1¹x Sr x CoO 3¹¤ remain close to the valence state of 3 + when Electrochemistry, 80(10), 834838 (2012) the value of x increases, and thus ¤ should be very close to x/2.
29,30
Therefore, the reduction from Co 3+ to Co 2+ could occur with the additional oxygen vacancy formation at the oxygen reduction process. In this study, the (110) film exhibited higher reactivity and larger amount of oxygen vacancy than the (001) and (111) films. These results indicate that the oxygen vacancy formation at the electrode/electrolyte interface affects oxygen evolution and reduction activity of LSC. Lippert et al. reported a higher activity for oxygen evolution and reduction reactions for (001) oriented thin films of La 0.6 Ca 0.4 CoO 3¹¤ on MgO substrates than for (110) oriented films, 13, 31 which is the opposite to the results of the present study for LSC films. Although the oxygen vacancy formation in La 0.6 Ca 0.4 CoO 3¹¤ during the electrochemical process has not been investigated, effects of the oxygen vacancy on oxygen evolution and reduction reactions could change with based on the composition of the materials. Our results suggest an importance of the surface structure constructed at the electrochemical process for controlling the oxygen evolution/reduction reaction in perovskite-type oxygen electrodes.
Conclusion
The surface orientation dependence of oxygen evolution and reduction for LSC air electrodes was investigated using 29-nm-thick thin-film electrodes and cyclic voltammetry, XRD, and XRR measurements. The (110) film was found to exhibit a higher activity for oxygen evolution and reduction reactions than the (001) or (111) films. XRD and XRR results clarified more oxygen vacancy formation in the (110) film during the oxygen reduction process. The surface structure constructed at the electrode/electrolyte interface affects oxygen evolution and reduction activity of LSC. Electrochemistry, 80(10), 834838 (2012) 
